Recombinant second chromosomes from dysgenic male hybrids of D. melanogaster have been made homozygous using a Curly balancer chromosome technique. Most of the chromosome homozygotes produced have apparently normal viability. The incidence of newly produced lethals, while as high as 5-10%, is not significantly higher than in non-recombinant chromosomes. Thus male recombination and mutation appear to occur independently of each other, rather than in the same gametes as would be expected if both were simultaneously produced by chromosome breakage and reunion. Furthermore, a summary of recombination clusters over a large series of experiments suggests that reciprocal and non-reciprocal clusters occur with approximately equal frequency. This is in agreement with predictions from a four-strand mitotic recombination model.
Introduction
High mutation rates accompanied by male recombination have recently been found in D. melanogaster by workers in a number of laboratories (Hiraizumi et a/; 1973; Kidwell 1973; Sved 1974; Voelker 1974) . Kidwell et al. (1977) have summarized evidence suggesting that these and other associated phenomena occur in betweenstrain hybrids rather than within strains, and have suggested 'hybrid dysgenesis' as a suitable name for the syndrome.
Two classes of explanation can be put forward to account for the observed male recombination. The first (cf. Hiraizumi et al. 1973; Woodruff and Thomson 1977) postulates an increased frequency of chromosome breakage in dysgenic hybrids. It assumes that the recombination observed is due to an exchange between broken homologous chromosomes. At the same time lethal mutations would be expected through the production of duplications and deficiencies. A corollary of this explanation is that those gametes showing recombination should be the same gametes as those showing new mutations, or at least a subset of them. Presumably under this model there would need to be a tendency towards breakage in similar regions of homologous chromosomes, since a random breakage-reunion model would predict a very high frequency of observable chromosomal abnormalities compared to the frequency of genetic recombination. Some increase in frequency of chromosomal rearrangements has, however, been found in chromosome lines similar to those in which mutations accumulate (Voelker 1974; Yamaguchi and Mukai 1974) .
The second class of explanation postulates that the male recombination occurs by a conventional crossing-over process. This recombination would need to be premeiotic (i.e. mitotic) at least some of the time, since clusters of recombinant products are frequently found (Hiraizumi et al. 1973 ).
The purpose of the experiment described in this paper was to investigate the possibility of a direct relationship between male recombination and the production of lethal mutations, as predicted by the chromosome breakage hypothesis. Experiments done previously have tested independently for male recombination and mutation induction. The procedure adopted in the present experiment was to screen for recombinant chromosomes, and then to carry out a series of crosses to make such recombinant chromosomes homozygous in order to test for the production of recessive lethals. A smaller experiment was also carried out to test for any dominant viability effects of recombinant chromosomes. 
Materials and Methods

Strains Used
The following strains were used.
(1) alcnbw-the stock (chromosome II) used to measure male recombination (ai, 0; en, 57·5; bW,104·5 (Lindsley and Grell 1968) . This was used as the balancer chromosome for tests of lethality. It was kept in balanced condition against the chromosome ~lf .
(3) Wild type stock-Samples of wild type populations were collected for this experiment at several wineries in the Hunter Valley district of New South Wales. Male recombination is found in the Fl progeny of males from these populations and alenbw females (Sved 1976) , the incidence being comparable for all wineries tested. The wild type stock for this experiment was made by pooling stocks from the different wineries.
Experimental Desigfz
A variant of the usual chromosome balancer technique was used to produce chromosome homozygotes (Fig. 1) . The design requires an efficient method of screening for the relatively rare (approximately 2 %) recombinant chromosomes, while at the same time retaining such chromosomes intact to be made homozygous. No inversion-carrying chromosome was available with the markers ai, en and bw. It was therefore necessary to backcross to the recessive alenbw stock, to discard all female recombinant progeny, and to rely on the expected low frequency of recombination in the male progeny. The procedure for producing chromosome homozygotes differs for recombinant gametes containing ai, namely al + +, al en +, and al + bw, and for the complementary gametes containing al+, namely + en bw, + + bw, and + en +. This is in order to distinguish the genotypes carrying the recombinant chromosomes from those carrying the al en bw chromosome in the Cy intercross. The a[2 gene carried by the SM5 chromosome enables this distinction to be made directly for gametes containing al+, while an extra cross to en bw is necessary for those containing al.
In the crossing procedure shown in Fig. 1 , each of 14 initial lines was increased to 12 parents by use of a second backcross. This was done to allow a reasonably high number of recombinant chromosomes to be obtained for each line, although it introduced the complication of allowing an extra , generation of hybrids in which mutation could occur.
In addition to the recombinant progeny obtained from cross 3, one male of genotype alenbw/+ + + from each of the 168 (= 14x 12) crosses was also backcrossed to the Cy/Splfstock.
This was done partly to provide a control for comparison of the number of lethals found in recombinant chromosomes, and also in order to detect chromosomes with pre-existing lethals which could then be discarded from the analysis. There was no control over pre-existing lethals in the at en bw stock. A preliminary test of 65 chromosomes disclosed only two lethals, and the stock was used for the experiment without modification. Results A compilation of all recombinants found in the experiment (Table 1) shows significant differences between the numbers of recombinants found in various lines. The number of non-recombinant progeny was not recorded in this experiment, but an estimated 25000-30000 progeny were screened altogether for the 326 recombinants detected.
As mentioned above, one non-recombinant chromosome was tested for lethality for each cross. The results from these tests are given in the final column of Table 1 , expressed as number of lethals over the total number for which results were obtained. The 14 lines do not fall unambiguously into two classes, namely those containing and those not containing lethals. With the exception of line 11, all had one or more non-lethal chromosomes. However, line 3, and somewhat less certainly lines 2 and 10, could be classified as probably containing pre-existing lethals, while line 6 was similarly classified on the grounds of conservatism. These lines are marked with an asterisk, and were not considered further in the analysis of newly arisen lethals. In the nine remaining lines tests showed that where a line contained two lethals, in no case were the lethals allelic to each other. Therefore these lines were accepted as being initially lethal-free.
All recombinant chromosomes contained in male progeny were tested for the presence of lethals. From the nine lines a total of 68 progeny produced sufficient F2 or F3 progeny to be classified for newly arisen lethals. The results for these 68 are given in Table 2 , which also summarizes the results for non-recombinant chromosomes. The overall rate of production of lethals is extraordinarily high, which presumably is partly a reflection of the two generations available for mutations to accumulate. However, the important point is that there are no significant differences between any of the recombinant or non-recombinant classes (Xi = 3'7, P > 0'3). Alliethais found in the experiment were tested for the presence of inversions by crossing to an inversion-free stock and scoring cytologically for the presence of inversions in the non-Cy larvae. In no case was an inversion or other chromosomal abnormality detected. It had also been intended to genetically map the position of alliethais to test for a correlation between the recombination point and the location of the lethal; however, the lack of any relationship between recombination and mutation reduced the value of this hypothesis. Mapping tests were carried out on alliethals, but the results in many cases were unsatisfactory due mainly to sterilility problems associated with the hybrid dysgenesis, and a complete map was not obtained.
The possibility was raised earlier that some of the lethals in recombinant chromosomes could have come from pre-existing lethals in the al en bw stock. The two lethals found in the al en bw stock were tested with alliethais found in recombinant chromosomes, but no allelism was found. This is not sufficient to establish that none of the lethals could have come from a pre-existing lethal. However, if any of the lethals were of this type, this would only reinforce the conclusion that the frequency of newly arisen lethals is not elevated in recombinant chromosomes.
Test for Dominant Viability Effects
A test for dominant viability effects can be carried out very simply by use of a second backcross of recombinant males to al en bw. Any dominant effects on viability should be detectable by a reduction in the number of recombinant progeny compared to al en bw progeny. Such a test can of course only be for partial inviability, since any fully lethal dominant effects would not be found amongst the first generation progeny. It is necessary to control for the effects on viability of the markers al en and bw in this experiment, and this can be done using the equivalent second backcrosses of recombinant gametes arising from female recombination.
The results from an experiment of this kind are summarized in Table 3 , which presents the totals from the four classes of recombinants. The interpretation of these totals is made difficult by the heterogeneity found between the results of different crosses. However, since this heterogeneity was present equally in the experimental and control series, it can probably be interpreted in terms of normal marker inviability rather than any consequence of the male recombination. Overall there seems to be no trend for a reduction in the recombinant classes. * 0·01 < P < 0·05. ** 0·001 < P < 0·01. *** P < 0·001.
Probable Mitotic Origin of Recombinant Products
The results from the above experiments are quite clear in one respect; recombinant products are usually viable in homozygous condition. This result argues against the idea that a chromosome breakage mechanism is responsible for the recombination, and therefore in favour of the notion of conventional crossing-over. A test can also be made of a prediction from the crossing-over hypothesis which adds support to this argument.
As mentioned previously, the hypothesis that the recombination is sometimes premeiotic (Hiraizumi et al. 1973 ) is based on the finding of clusters of recombinant products. These clusters can be of two types (Kidwell and Kidwell 1975) : (1) single or non-reciprocal clusters in which only one recombinant product is found, and (2) reciprocal clusters in which both reciprocal products of recombination are found (see Table 4 for examples of these two types of clusters). It is the finding of the former type of cluster which argues against a two-strand model of recombination and therefore in favour of recombination during division. Two strand recombination would be expected to give rise to a gonial cell containing both reciprocal recombinant chromosomes. Proliferation of such a cell type would then lead to an equal number of gametes containing the two reciprocal types. This assumes that neither of the recombinant types is regularly lethal, a conclusion supported by the experiments given above.
It is possible to extend this argument to make a quantitative prediction about the expected frequency of the two cluster types under a four-strand recombination model. It is readily seen that with random orientation of chromatids following a recombination . event, there is a 50 % chance that both recombinant products will end up in the same daughter nucleus and a 50 % chance that they will end up in the opposite daughter nuclei. The former type can be expected to lead to the two recombinant chromosomes appearing in gametes with equal frequency. The consequences of the latter type of orientation are more complex. The simplest prediction might appear to be one of equal proliferation of descendants of the two daughter nuclei, to give rise to equal numbers of the two recombinant chromosomes. However, such a prediction fails to take into account the likely sequence of cell divisions in the lineage of sperm cells (see Tihen 1946; Hanna-Alava 1965) . Most mitotic divisions in the ancestry of a sperm cell are probably unequal divisions in which a 'stem' cell divides by a buddingoff process, to give rise to another stem cell, plus a 'determined spermatogonial' cell which eventually gives rise to a bundle of 64 sperm. Either of these division products could give rise to a non-reciprocal cluster, the latter one having a maximum size of 32. In both cases inequality, and perhaps usually extreme inequality, of the two recombinant classes can be expected. of the cluster and symmetry criteria, the almost exact agreement with a I : 1 ratio is perhaps fortuitous. However, the results are at least qualitatively compatible with a model of four-strand recombination, and thus with the expectations for normal mitotic recombination (Whitehouse 1969, p. 361 ).
